ABSTRACT: Ocean acidification (OA) is predicted to play a major role in shaping species biogeography and marine biodiversity over the next century. We tested the effect of medium-term exposure to OA (pH 8.00, 7.30 and 6.70 for 30 d) on acid -base balance in the decapod crab Necora puber -a species that is known to possess good extracellular buffering ability during short-term exposure to hypercapnic conditions. To determine if crabs undergo physiological trade-offs in order to buffer their haemolymph, we characterised a number of fundamental physiological functions, i.e. metabolic rate, tolerance to heat, carapace and chelae [Ca 2+ ] and [Mg 2+ ], haemolymph [Ca 2+ ] and [Mg 2+ ], and immune response in terms of lipid peroxidation. Necora puber was able to buffer changes to extracellular pH over 30 d exposure to hypercapnic water, with no evidence of net shell dissolution, thus demonstrating that HCO 3 -is actively taken up from the surrounding water. In addition, tolerance to heat, carapace mineralization, and aspects of immune response were not affected by hypercapnic conditions. In contrast, whole-animal O 2 uptake significantly decreased with hypercapnia, while significant increases in haemolymph [Ca 2+ ] and [Mg 2+ ] and chelae [Mg 2+ ] were observed with hypercapnia. Our results confirm that most physiological functions in N. puber are resistant to low pH/ hypercapnia over a longer period than previously investigated, although such resistance comes at the expenses of metabolic rates, haemolymph chemistry and chelae mineralization.
INTRODUCTION
Atmospheric carbon dioxide (CO 2 ) levels are predicted to reach 1000 ppm by 2100 and exceed 1900 ppm by 2300 (Caldeira & Wickett 2003 , Raven et al. 2005 . The oceans have absorbed almost half of the anthropogenically produced CO 2 emitted to date , causing a negative effect on ocean chemistry via a reduction in pH and disruption of the carbonate system (Fabry et al. 2008 ) -a process termed ocean acidification (OA). Surface water pH has already dropped by 0.1 unit (Orr et al. 2005) and current predictions forecast reductions of 0.5 to 0.7 units by the years 2100 and 2300, respectively (Caldeira & Wickett 2003) . Wootton et al. (2008) have warned that declines are already more than an order of magnitude greater than previously expected. An associated net decline in ocean [CO 3 2 -] and related changes in aragonite and calcite saturation states , Orr et al. 2005 , Andersson et al. 2008 would create waters that are potentially corrosive to calcium carbonate and could compromise organisms' calcification rates and the integrity of calcium carbonate structures (see Findlay et al. 2009 ). Marine organisms could already be experiencing sudden and severe acidification events, such as the periodic upwelling of undersaturated aragonite waters observed in coastal ecosystems off the northwest USA . These events could become more common and more severe as the oceans absorb more CO 2 . In addition, the future use of geo-logical storage to reduce CO 2 emissions (Holloway 2005) brings with it the risk of possible leaks from pipelines and subseabed storage sites, and considerable subsequent localised impact on benthic communities even in shallow water ecosystems (Blackford et al. 2009 , Kano et al. 2010 , possibly including the intertidal zone.
The coastal ecosystem is a focal point for ocean productivity and human activity (Wootton et al. 2008) , thus there is a pressing need for studies that quantify the impacts of high CO 2 on coastal marine species (Raven et al. 2005 , Wootton et al. 2008 . However, the vast majority of previous work has almost exclusively focused on potentially nontolerant species (see . In order to understand and predict the impacts of OA on organism survival and ultimately on global marine biodiversity, it is essential to investigate what makes some species tolerant . The velvet swimming crab Necora puber has been identified as a potentially tolerant species to OA, as it is able to compensate for extracellular acidosis, with bicarbonate HCO 3 -anion exchange playing an important role in restoring acid -base balance during short-term exposure to low pH/hypercapnia (Spicer et al. 2007 ). While this is consistent with what is known for other decapod crustaceans (Cameron & Iwama 1987 , Pörtner et al. 2004 , no other information on the effect of hypercapnia on this species is known to date. For example, while internal regulation may be achieved by N. puber, this is an energetically expensive process (Cameron & Mangum 1983 ) with associated costs. OA is known to affect several functions of marine invertebrates including metabolic rates (Reipschläger & Pörtner 1996 , Langenbuch & Pörtner 2002 , haemolymph [Mg 2+ ] (Sartoris & Pörtner 1997) , heat tolerance (Metzger et al. 2007 , Walther et al. 2009 ) and immune responses (Bibby et al. 2008) . In order to build a comprehensive picture on the likely responses of a species to prolonged exposure to hypercapnia, it is necessary to monitor a wide range of physiological parameters (see Wood et al. 2008 
for examples).
Necora puber is ecologically important in rocky shore intertidal habitats as it feeds on keystone intertidal species such as limpets (Silva et al. 2008) , thereby influencing the structure and diversity of intertidal communities (Griffin et al. 2008) . It is also commercially important in Europe (Freire & González-Gurriarán 1995 , Wilhelm & Mialhe 1996 , Henderson & Leslie 2006 , Robson et al. 2007 ). Finally, the vertical distribution range of N. puber along the shore reaches into the intertidal area, and certain populations may at times be exposed to extreme temperatures (Hopkin et al. 2006 ) and already occurring fluctuations in external pH (Agnew & Taylor 1986 ).
In the current study, we characterise the acid -base compensation ability of Necora puber after a longer exposure period (30 d) than has previously been achieved and identify the potential mechanisms of HCO 3 -buffering used by this species. Most importantly, we examine whether any sustained elevated acid -base haemolymph buffering ability shown by N. puber comes at the expense of other fundamental physiological functions and the overall fitness of this organism. To achieve this, a series of key physiological functions were measured in adult N. puber that were exposed to hypercapnia for 30 d.
MATERIALS AND METHODS
Animal collection. Adult individuals of Necora puber (intermoult male, carapace width 45.88 ± 7.32 mm) were collected from the lower intertidal zone at Mount Batten Beach (Plymouth, UK; 50°21'34" N, 04°07'45"W) on 20 Aug 2008 during spring tide. Crabs were transported to the Plymouth Marine Laboratory in plastic buckets containing damp macroalgae within 30 min of collection. Upon arrival, they were transferred to holding aquaria (1000 l) containing filtered, constantly aerated seawater (T = 16°C, salinity = 34.6). Crabs were held for a maximum of 3 d before use in any experiment. They were not fed during this time.
Experimental set-up. Twelve plastic aquaria (4 l each) were haphazardly allocated to 1 of 3 different pH treatment levels (i.e. 4 aquaria level -1 ). The treatment levels were nominally pH 8.0 (control), 7.3, and 6.7. Experimental pH levels were chosen to mimic values predicted for the year 2100 (Caldeira & Wickett 2003 , but see Wootton et al. 2008 ) and levels potentially resulting from CO 2 storage or pipeline leaks (Blackford et al. 2008) . Considering the greater drop in pH already experienced by marine organisms in the intertidal area (Agnew & Taylor 1986) , the potential impact of upwellings on [CO 2 ] , and the fact that pH appears to be decreasing at a greater rate (see Wootton et al. 2008) than is predicted by mathematical models (e.g. Caldeira & Wickett 2003 , Raven et al. 2005 , we have chosen a slightly lower pH (7.3) than that predicted for 2100 by Caldeira & Wickett (2003) .
Each aquarium was continuously supplied with seawater from the appropriate header tank at a constant rate (30 ml min -1 ) using peristaltic pumps. Seawater acidification was achieved by bubbling pure CO 2 gas through the water in the header tanks exactly as described by Widdicombe & Needham (2007) . Each aquarium was supplied with 2 small mesh bags (40 × 50 mm, made from 0.5 mm diameter mesh net) containing activated carbon to prevent ammonia accumulation, and a small aquarium pump (Cascade 300 Inter-nal Filter, Penn-Plax) to ensure adequate water circulation. Nominal temperature for the exposure period was 17°C.
At the start of the exposure period, 48 individuals were haphazardly assigned to 1 of the 3 pH treatment levels (16 ind. treatment -1 ), ensuring an equal distribution of body sizes across the different treatments. Each crab was marked on the carapace using nail polish (Claire's Accessories) for identification. The 16 individuals allocated to each treatment were randomly assigned to 1 of the 4 designated aquaria, with 4 individuals being placed into each aquarium. Four individual compartments were constructed within each aquarium using a plastic garden mesh (square mesh shape, 20 mm width, Endsleigh Garden Center), which minimised conflict and interactions between individuals. The exposure period was 30 d. Preliminary experiments indicated that feeding the crabs during the first 2 wk of exposure resulted in elevated ammonia excretion and high mortality, so crabs were not fed until 15 d into the experiment. After this time, crabs were fed once with fresh mussels (2 g) that were placed in the crab's cage and left for 30 min, after which all uneaten material was removed. Qualitative observations indicated no differences in feeding behaviours or consumption between treatments.
Experimental monitoring. Throughout the exposure period, water samples were taken daily from the header tanks and from each of the exposure aquaria, and pH, total CO 2 (TCO 2 ), temperature, and salinity were measured. pH was measured with a pH meter (Inlab 413SG pH electrode and Sevengo pH meter, Mettler Toledo) using the USA National Bureau of Standards (NBS), TCO 2 using a CO 2 analyser (965D, Corning Diagnostics), and temperature and salinity using a handheld multimeter (TA 197 LF, WTW) . Additional carbonate system parameters (pCO 2 , alkalinity, calcite and aragonite saturation (Ω calc and Ω arag , respectively), , and [CO 3
2 -]) were calculated using CO2SYS (Pierrot et al. 2006 ) with dissociation constants from Mehrbach et al. (1973) refitted by Dickson & Millero (1987) and KSO 4 values from Dickson (1990) . Over the course of the 30 d exposure, there were 12 mortalities, all of which could be attributed to accidental interactions between individuals, leaving 36 individuals spread over the 3 treatments: 11 at nominal pH 8.0, 13 at pH 7.3 and 12 at pH 6.7.
All individuals were maintained in their designated treatment water during the test for the determination of metabolic rates and thermal limits. This prevented the possibility that the outcome of our tests would be affected by the recovery of stressed individuals that were returned to ambient seawater. All oxygen probes were recalibrated before each set of trials using crabs from different water treatments. At the end of each test, each individual was returned to its experimental aquarium and left for at least 1 h before being tested for another variable or being sacrificed to obtain tissue samples.
Determination of metabolic rates. In order to determine Necora puber metabolic rate responses to hypercapnia at the end of the 30 d exposure period, resting rates of O 2 uptake (used as a proxy for metabolic rate) were measured using the method described by Spicer & Eriksson (2003) for larvae of the Norway lobster Nephrops norvegicus. Two different sized respirometers were used: 750 ml for small individuals (< 30 g body mass) and 1500 ml for larger individuals (> 30 g body mass). Each incubation chamber was equipped with a magnet that was capped with a perforated Petri dish, and placed over an underwater magnetic stirrer (Rank Brothers) to ensure even mixing of O 2 . Individuals were allowed to rest for 30 min before the respirometers were closed and left for 20 min, and pO 2 was measured before and after using an O 2 electrode (1302 Oxygen Electrode, Strathkelvin Instruments) that was connected to a calibrated meter (Oxygen Meter 781, Strathkelvin Instruments). Percent O 2 saturation was never allowed to fall under 70% to avoid hypoxia and oxygen uptake was expressed as µl O 2 (mg wet mass)
Determination of upper thermal tolerance.
Tolerance to heat in adult individuals of Necora puber exposed to hypercapnic conditions for 30 d was determined by measuring upper thermal limits using predefined endpoints as proxies: loss of righting response (LRR) and onset of spasms (OS), in approximately half of the individuals per treatment (5, 6 and 6 ind. at nominal pH 8.0, 7.3 and 6.7, respectively), which were haphazardly selected. LRR was defined as the temperature at which crabs were unable to right themselves after 1 min of being inverted onto their dorsal surface (Lutterschmidt & Hutchinson 1997) , while OS was defined as the temperature at which spasms first occurred (Lutterschmidt & Hutchinson 1997) . A computer-controlled water bath (LTC 6-30, Grant Instruments) that was operated using custom-made software (Grant Coolwise Cooler Control Software, Grant Instruments) was attached to an external cylindrical shaped glass dish, which was filled with seawater. The dish was wrapped in a fine aquarium tubing (5 mm ∅), which formed a tight coil around the bottom section and sidewall of the dish. Distilled water heated by the bath was passed through the tube coil and then recirculated to the water bath. The entire apparatus was enclosed in insulating foam (2 mm thick) to ensure a good level of thermal isolation and thus an efficient warming of the seawater inside the dish. The temperature of the seawater that was inside the dish was raised at a constant rate of 0.75 ± 0.10°C min -1 and constantly monitored using a thermometer (HH806AU, Omega Engineering). Individuals were allowed to settle for 30 min before the start of experiments. During the experiments, water temperature and individuals were monitored continuously using protocols in Cuculescu et al. (1998) until the temperature of occurrence of LRR and OS was reached.
Measurement of haemolymph acid -base status. Key haemolymph acid -base parameters (pH and TCO 2 ) were measured in the remaining 19 individuals (6, 7 and 6 ind. at nominal pH 8.0, 7.3 and 6.7, respectively). Haemolymph (~800 µl) was extracted by inserting a hypodermic syringe (1 ml) that was attached to a 26 G needle directly into the infrabranchial sinus via the arthrodial membrane between the 2nd and 3rd abdominal segments or via the arthrodial membrane at the base of the 4th pereiopod. Haemolymph was carefully extracted in order to obtain clean, clear samples, and placed into a microcentrifuge tube (Eppendorf, 1.6 ml). The sample was immediately analysed for TCO 2 by pipetting a 100 µl subsample into a CO 2 analyser (965D, Corning Diagnostics). Haemolymph pH was also immediately measured by immersing a micro-pH probe (Micro-Inlab pH combination electrode, Mettler Toledo) that was linked to a pH meter (Seven Easy pH meter, Mettler Toledo) into the remaining haemolymph. The shape of the base of the microcentrifuge tube used to hold the sample fitted the shape of the pH probe, allowing anaerobic measurements. Haemolymph pCO 2 and HCO 3 -were calculated using Eqs.
(1) and (2) respectively (both from Truchot 1976): pCO 2 = TCO 2 /α(10 pH -pK '1 + 1)
[
where α is the solubility coefficient of CO 2 in crab haemolymph (0.376 mmol l -1 kPa -1 , Truchot 1976) and pK '1 is the first dissociation constant of carbonic acid in C. maenas haemolymph (6.027, Truchot 1976) . Once these procedures were accomplished, the remaining haemolymph was placed on ice to prevent clotting prior to being frozen in liquid nitrogen and stored for further analyses.
Measurement of oxidative stress and divalent ions. Levels of immune response were evaluated by measuring concentrations of lipid peroxide (LPO) in all haemolymph samples. These were determined directly in untreated haemolymph samples (100 µl) using a diagnostic kit (LPO-CC Kit; K-ASSAY, Kanimaya Biomedical Company). The haemolymph samples were then analysed for [Ca 2+ ] and [Mg 2+ ] as follows: subsamples (10 µl) were diluted in acid washed volumetric flasks (2 ml) by a factor of 200 using ultrapure water and analysed using an atomic absorption spectrometer (Spectr AA 50, Varian).
Determination of shell mineralization. In order to determine whether hypercapnia caused an alteration to the shell mineralogy of Necora puber, all 36 individuals were dissected and the right chelae dactyl and carapace retained and frozen for analysis of [Ca 2+ ] and [Mg 2+ ]. The samples were scrubbed clean of all soft organic material before being freeze dried at -50°C for 24 h. They were then stored in a desiccation chamber before ~70 mg was taken, weighed, digested in 2 ml nitric acid (70% concentration, trace analysis grade), diluted to 50 ml with ultrapure water, and analysed to determine [Ca 2+ ] and [Mg 2+ ] using an atomic absorption spectrometer (Spectr AA 600, Varian).
Statistical analysis. All data were first analysed with a Kolmogorov-Smirnov test for normality, followed by a Levene's test of equality of error variances to test for homogeneity. If assumptions were met, a 1-way nested analysis of covariance (ANCOVA), in combination with a Tukey-Kramer post hoc test, was employed to analyse the data. If the assumptions of normality or homogeneity were not met, the data were log 10 transformed before being reanalysed. pH was nested within tank, and body mass used as a covariant. Where no significant effect of tank or body mass (p < 0.05) was found, these factors were excluded from analysis.
RESULTS

Experimental conditions
Means and SDs of seawater physical parameters measured from the header tanks and experimental aquaria throughout the 30 d, along with any significant differences between treatment levels, are summarised in Table 1. The pH was significantly lowered between the control pH 7.85 (nominal pH 8.0) and both hypercapnic conditions: pH 7.26 (nominal pH 7.30) and pH 6.69 (nominal pH 6.70). The slight differences in CO 2 between the aquaria and header tanks are likely due to the respiration of crabs, and bacteria in the tubes supplying water. Temperature and salinity did not differ significantly, while in the aquaria increased significantly under hypercapnia and [CO 3
2 -] significantly decreased. Alkalinity did not increase significantly with pH, while Ω calc and Ω arag decreased. Field temperature ranges and thermal profiles are presented in Table A1 . The average (± SD) temperature at the top of the vertical zonation of Necora puber in the intertidal area was 13.80 ± 2.07°C, with a maximum of 19.20°C, and the average (± SD) temperature at spring low water was 14.44 ± 0.79°C, with a maximum of 18.20°C. While the experimental conditions were at the high end of this range (mean ± SD: 17.30 ± 1.30 or ±1.40°C, see Table 1 ), they were within the range that N. puber experiences naturally. Furthermore, at the end of autumn 2008, the UK experienced lower than normal temperatures for this time and our environmental measurements were, thus, lower than average seasonal values (see Table A2 for 2007-2008 sea surface temperature and atmospheric temperature profiles). There was no significant difference in body mass (wet weight) among individuals after 30 d exposure to hypercapnia (F 2 = 2.050, p = 0.145).
Oxygen uptake
The oxygen uptake of Necora puber decreased significantly in individuals that were exposed to hypercapnic conditions (F 2 = 9.764, p < 0.001) (Fig. 1, Table 2 ) for 30 d. While a marginal decrease in oxygen consumption was observed between control and medium hypercapnic conditions (p = 0.090) (Fig. 1) , the respiration rates of crabs that were kept under the lowest pH conditions were significantly lower than those of crabs under control and medium hypercapnic conditions (p < 0.05) (Fig. 1) . Finally, there was a significant effect of body mass on oxygen uptake (F 2 = 12.145, p = 0.001).
Upper thermal tolerance
The upper thermal tolerance (UTT, Table 2 ) of Necora puber was not significantly affected by either level of hypercapnia investigated, for both LRR (F 2 = 1.542, p = 0.248) and OS (F 2 = 2.058, p = 0.165). We detected a reduction in UTT-LRR variation around the mean with decreased pH.
Extracellular acid -base balance
While no significant difference in haemolymph pH was detected (F 2 = 1.797, p = 0.198), an increasing variability was observed with decreasing pH (Fig. 2A, Table 2 ). Haemolymph TCO 2 increased significantly with decreasing pH (F 2 = 4.650, p = 0.026) (Fig. 2B , Table 2 ). A significant increase in haemolymph TCO 2 between the control and both hypercapnic treatments was detected (F 2 = 4.650, p = 0.026) (Fig. 2B, Table 2 ), although no significant difference was observed between the 2 hypercapnic treatments (p > 0.05) (Fig. 2B, Table 2 ). In addition, a signif-15 icant positive effect of hypercapnia on haemolymph pCO 2 was detected (F 2 = 7.873, p = 0.000) (Fig. 2C , Table 2) , with values at all treatment levels increasing significantly with decreasing pH (p < 0.05) (Fig. 2C , Table 2 ). Finally, although an increase in haemolymph ] was observed with decreasing pH, no significant difference was found between treatments (F 2 = 2.319, p = 0.131) (Fig. 2D, After 30 d exposure to hypercapnia, haemolymph levels of LPO in adult Necora puber did not differ significantly among the 3 treatments (F 2 = 0.718, p = 0.505) ( Table 2 ). Haemolymph [Ca 2+ ] was significantly affected by medium-term exposure to hypercapnia (F 2 = 10.372, p = 0.002) (Fig. 3A, Table 2 ), while no significant difference was found between the 2 hypercapnic treatments (p = 0.805) (Fig. 3A, Table 2 ). There was a marginally significant effect of hypercapnia on haemolymph [Mg 2+ ] (F 2 = 3.381, p = 0.063) (Fig. 3B , Table 2 ). ] in the carapace of adult Necora puber exposed to 30 d hypercapnia did not vary significantly among pH treatment levels (minimum F 2 = 1.227, p = 0.306) ( Table 2) , nor did [Ca 2+ ] in the chelae (F 2 = 1.601, p = 0.217) (Fig. 4, Table 2 ). Chelae [Mg 2+ ], however, increased significantly with hypercapnia (F 2 = 9.592, p = 0.001; Fig. 4 ]. These findings are discussed within the broader context of the effect of OA on rocky shore intertidal organisms and communities.
Adult individuals of Necora puber showed the ability to effectively regulate their extracellular fluid pH over 30 d exposure to hypercapnic conditions, with haemolymph pH and [HCO 3 -] being comparable across treatments. Our findings differ from those of Spicer et al. (2007) who recorded a significant increase in haemolymph [HCO 3 -] over short-term exposure to hypercapnia. Bicarbonate ions acquired from shell dissolution are thought to be used for the regulation of internal pH in marine invertebrates (see Spicer et al. 1988 , Cameron & Iwama 1989 , Pörtner et al. 2004 , Michaelidis et al. 2005 , Pane & Barry 2007 and terrestrial decapod crustaceans (Henry et al. 1981) . However, while we reported an increase in haemolymph [Ca 2+ ] with hypercapnia (within the same range reported by Spicer et al. (2007) for N. puber), neither a significant decrease in carapace or chelae [Ca 2+ ], nor increase in haemolymph were detected. Thus, shell dissolution appears to be less important for haemolymph buffering during exposure to low pH/hypercapnia in N. puber in the medium term when compared to the short term (Cameron 1985 , Spicer et al. 2007 . We can thus conclude that during longer-term exposures, the surrounding seawater is used as an alternative source of HCO 3 -(see Spicer et al. 2007) , which actually increases with decreasing pH (see Table 1 ). It is likely that active extracellular compensation in N. puber occurs via the exchange of H + and Cl -for Na + and HCO 3 -across the gills (Cameron 1978 , 1985 , Truchot 1979 , Henry et al. 1981 , Spicer et al. 2007 ). Consequently, although N. puber is able to maintain a pH buffering capacity during medium-term exposure, this regulation of extracellular pH will likely represent an energetically expensive process (Cameron & Mangum 1983 ) that may generate additional physiological costs.
In the current study, oxygen consumption decreased significantly with hypercapnia together with a marginally significant increase in haemolymph [Mg 2+ ]. This is perhaps not surprising, as previous studies have demonstrated an inverse relationship between crus- Morritt & Spicer 1993 , Spicer et al. 1994 , Watt et al. 1999 . Since even slight changes in haemolymph [Mg 2+ ] can result in a considerable change in intracellular [Mg 2+ ] (see Morritt & Spicer 1993 , Sartoris & Pörtner 1997 ), a decrease in oxygen consumption has been proposed as a mechanism for conserving ATP levels and regulating intracellular pH; this would allow an organism to withstand or recover from extreme environmental conditions (Sartoris & Pörtner 1997 ) such as hypercapnia (Pörtner et al. 1998 , Langenbuch & Pörtner 2002 . Although the haemolymph [Mg 2+ ] measured here was lower than that observed for Necora puber in situ (Watt et al. 1999) , our values are similar to those measured under laboratory conditions by Spicer et al. (2007) . Additionally, we also detected an increase in chelae [Mg 2+ ],which may indicate an increase in the aragonitic fraction of the chelae, and a possible reduction in chelae strength (which was not measured here).
All other physiological functions measured in this study were unaltered by prolonged exposure to hypercapnia. Tolerance to heat was not affected, contrary to what was found for the edible crab Cancer pagurus (Metzger et al. 2007 ) and the spider crab Hyas araneus (Walther et al. 2009 ). The thermal tolerance values for Necora puber presented here, after accounting for methodological and acclimatisation differences (see Garland & Adolph 1991 , Terblanche et al. 2007 , Chown et al. 2009 , are comparable to those of Hopkin et al. (2006) . In addition, even when methodological differences -we used passive endpoints (Lutterschmidt & Hutchison 1997), while Metzger et al. (2007) used 'pejus' and 'critical' temperatures (Frederich & Pörtner 2000) , as well as our slower ramping rate (see Terblanche et al. 2007 ) -are accounted for, our results appear to indicate a greater resilience to combined OA and warming in N. puber than in the intertidal C. pagurus, and the subtidal H. araneus (Walther et al. 2009 ). Finally, no significant change in the levels of haemolymph LPO (an indicator of oxidative stress and disruption of ionic regulation in crustaceans; Monserrat et al. 2003) was observed. Thus, the immune response of N. puber (based on this single proxy) appears not to be significantly affected by OA, contrary to what has been reported for other marine invertebrates (Burgents et al. 2005 , Tanner et al. 2006 , Bibby et al. 2008 .
The impacts of OA at the ecosystem or community level will be a result of impacts at the organism level . Necora puber, Cancer pagurus, and Carcinus maenas are key predators with important interactions that affect predator density and diversity, resource partitioning, and ecosystem diversity and function (Griffin et al. 2008) . Necora puber appears to be more tolerant to medium-term exposure to hypercapnia than C. maenas (Truchot 1975 (Truchot , 1979 and to the synergistic effects of extreme upper temperatures and hypercapnia than C. pagurus (Metzger et al. 2007 ). This would have implications for predator interactions and thus for ecosystem function and diversity (Griffin et al. 2008) . Also, N. puber showed little sign of decreased calcification or shell dissolution, whereas its preferred prey species Littorina littorea and Mytilus edulis (Griffin et al. 2008 ) have been shown to exhibit reduced shell thickening responses to predator presence (Bibby et al. 2007 ) and experience shell dissolution and decreased calcification (Lindinger et al. 1984 , Gazeau et al. 2007 ), respectively. 
